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Abstract 
BiOI microspheres were synthesized by a solvothermal synthesis route from Bi(NO3)3
.
5H2O, 
using ethylene glycol in the presence of the ionic liquid 1-buthyl-3-methylimidazolium iodide. 
The autoclave temperature was maintained constant at 120 °C and the reaction time was varied 
from 2 to 48 hours. The obtained materials were characterized by XRD, SEM, TEM, EDS, 
nitrogen adsorption, FTIR and DRS. In addition, the photocatalytic activity of synthesized BiOI 
was evaluated in the oxidation of caffeic acid under simulated solar irradiation. Samples 
obtained between 12 and 24 h of synthesis present microsphere shapes and higher photocatalytic 
activity. All materials exhibit higher activities than TiO2 Evonik P25 used as standard catalyst. 
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1. Introduction 
Selected metal oxides have been used for photocatalytic applications due to their low cost and 
high stability in aqueous solution [1, 2].Among them, titanium dioxide and zinc oxide are the 
most mentioned in the literature for water and air purification testing [3-5]. Titania Evonik P25 
presents strong oxidizing power, chemical and biological inertness, high stability to photo-
corrosion in the entire pH range and low cost. On the other hand, ZnO with high photocatalytic 
activity, photo-corrodes at alkaline pH [6]. However, the main drawback of both catalysts is 
associated to the large band gap (3.2 eV), which demand activation in the ultraviolet region of 
the spectra (λ <390 nm). This significantly limits the efficiency under sunlight, which accounts 
only for 3-5% below 390 nm wavelength. In addition, their high rates of electron-hole pairs 
recombination provoke a low efficiency in the photocatalytic process[7].Several researches have 
been done preparing new catalyst or modifying titania or ZnO in order to overcome these 
limitations[8-11]. The possibility to control structural features has become an interesting 
challenge in order to synthesize new materials with specific properties to be applied in 
environmental catalysis. For instance, hierarchical nanostructures based on bismuth oxyhalides 
(BiOX) have been proposed as new materials for photocatalysis due to their activity in the 
visible region of the spectra [12-14]. Structurally these materials present tetragonal systems 
(matlockite-like structure) with Bi2O2 layers interleaved with two halogen atoms [15]. 
Particularly, bismuth oxyiodide (BiOI), presenting microsphere morphology, has provoked great 
interest in heterogeneous photocatalysis because it shows high photocatalytic activity under 
visible radiation and high degradation yields of a wide class of organic compounds, such as 
methylene blue, phenol, methyl orange, rhodamine B and sodium pentachlorophenate [16,17]. 
In addition, it has been reported that BiOI microspheres show higher photoactivity than titanium 
dioxide Evonik P-25 in the visible range [18-20]. 
The solvothermal synthesis has been described as the most suitable methodology for BiOI 
microspheres preparation. The solvothermal conditions, involving high temperature and 
pressure, modify the physicochemical behavior of the solvent, such as the dielectric constant. In 
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consequence, using this methodology it is possible to obtain compounds which under normal 
conditions of pressure and temperature, cannot be obtained [21].The aim of the present work is 
to synthesize BiOI under solvothermal conditions controlling the reaction time. The materials 
obtained were characterized and their photocatalytic activity measured on caffeic acid solutions. 
This compound was chosen as a representative phenol structure present in several agro 
industrial wastes such as winery wastewaters [22].    
 
2. Experimental  
2.1. Sample preparation 
The synthesis of bismuth oxyiodide (BiOI) was performed using a solvothermal method. All 
reagents were of analytical grade (AR) and used as received. An ethylene glycol solution (20 
mL, Acros, 99%), containing 1 mmol of the ionic liquid 1-buthyl-3-methylimidazolium iodide 
[bmim]I (Sigma-Aldrich, 99.0%) was added slowly to 1 mmol of Bi(NO3)3
.
5H2O (Sigma-
Aldrich, 99.9%) dissolved in ethylene glycol. The mixture was magnetically stirred at room 
temperature for 30 minutes and then transferred to a 25 mL Teflon-coated Parr
® 
steel autoclave. 
The autoclave temperature was raised to 120 °C. Reactions were stopped at 2, 6, 12, 24, 30 and 
48 h. Once each reaction was completed, the autoclave was cooled to room temperature. The 
products were separated by vacuum filtration and thoroughly washed using distilled water and 
absolute ethanol (Carlo Erba, 99.9%). Finally, the materials obtained were dried at 60 °C during 
48 h in a forced air furnace. 
2.2. Characterization 
The crystalline structure of BiOI powder was studied by X-ray diffraction (XRD) performed in 
a Bruker D8 diffraction system with Cu Kα radiation (λ = 1.5406Å) in a 2-theta scan range of 
10-80°. The surface morphology was determined by scanning electron microscopy (SEM) in a 
JEOL instrument operated at 20 kV and using a JSM-6400 computational system. Additionally, 
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transmission electron microscopy (TEM) using a JEOL JEM 1200 EX-II operated at 120 kV 
was recorded for synthesized samples. Energy dispersive X-ray spectroscopy (EDS) was 
performed with a JSM-6380 LV equipment operated at an accelerating voltage of 10 kV. The 
surface area of the materials was determined by adsorption-desorption isotherms using nitrogen 
at 77K and Brunauer-Emmett-Teller analysis (BET). The pore size distribution was determined 
though desorption isotherm applying the Barret-Joyner-Halenda method (BJH) and using 
TriStar II Micromeritics surface Area and Porosity analyzer. The FTIR spectra were obtained 
using a spectrometer IR Nicolet Nexus with Fourier transform. The diffuse reflectance spectrum 
(DRS) was obtained using a spectrophotometer Precisely Perkin Elmer Lambda 35 UV/Vis with 
integrating sphere. 
 
2.3. Photocatalytic activity 
The photocatalytic activity of synthesized materials was measured following the degradation of 
caffeic acid. Reactions were performed in the experimental set-up schematized in Figure 1. It 
consists of a 300 mL flask refrigerated by tap water. The lamp (Xe VIPHID 6000k, 12 W) was 
placed inside the reactor protected by a borosilicate closed cylinder. The lamp emission ranged 
between 380 and 900 nm with a spectrum similar to solar irradiation. Synthesized catalysts and 
TiO2 Evonik P25 (25 mg each) were added to a caffeic acid solution (250 mL, 10 mg L
-1
) and 
magnetically stirred in dark during 20 min to reach the adsorption equilibrium. After that, the 
lamp was turned on and solution maintained under magnetic stirring. Samples were taken each 
20 min and filtered on a nitrocellulose membrane (Millipore, 0.22 μm) for analysis. The 
remaining caffeic acid in solution was quantified measuring the absorption at 312 nm in a 
Shimadzu UV-1601 PC spectrophotometer and comparing it with a calibration curve done with 
a standard (Sigma Aldrich 97%). Mineralization of samples was determined by total organic 
carbon (TOC) analysis (Shimadzu TOC-V CPH/CPN). 
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3. Results and discussion  
3.1. SEM and TEM analysis 
In the reaction of bismuth nitrate and ionic liquid [bmim]I in the presence of ethylene glycol, 
hierarchical microspheres can be formed [23]. In this system, the ionic liquid plays two roles: 
first, is a source of iodide and second, it acts as a template agent [18]. Also, experiments using 
KI as iodide source were carried out. Since the shape of these materials were less 
spherical and present lower surface area and photocatalytic activities are not discussed 
here. In this work all the solvothermal synthesis of BiOI were conducted at the same 
temperature (120 ⁰C) varying only the reaction time (2, 6, 12, 24, 30 and 48 h).  Figure 2 depicts 
the SEM images showing the morphology of the products obtained at different reaction times. It 
can be seen that structured microspheres are formed even at short periods of reaction (2 h) 
obtaining the most regular forms between 12-30 h (Figures2c-e). At higher reaction times (48 h) 
some disaggregation of the microspheres can be observed (Figure 2f). The average 
microspheres size obtained was approximately between 4-5 μm. The SEM images confirm that 
BiOI materials are constituted by spheres formed by irregular nanosheets connected between 
them and forming hierarchical microspheres. A verification of this can be observed in Figure 3a 
where the nanosheets are clearly shown. The composition of the material is confirmed by the 
EDS analysis shown in Figure 3b. Only bismuth, iodine and oxygen are evidenced in all the 
synthesized material. TEM images shown in Figure 4 verify the nanosheet structure of 
microspheres. 
 
3.2. Adsorption-desorption analysis 
The pore size distribution was determined by the Barret-Joyner-Halenda (BJH) method. The 
BJH isotherm shown in Figure 5 describes the N2 adsorption-desorption profiles of the 
synthesized materials. All the samples exhibit irreversible type IV adsorption isotherms with an 
H3 hysteresis loop confirming the mesopore structure [24]. All samples exhibited a narrow pore 
size distribution at around 20 nm, as shown in Figure 5 (inset). Table 1 shows the average 
values of textural properties of the synthesized materials obtained at different reaction times. It 
can be seen that the BET surface and pore diameter are uniform. There is no evident correlation 
between the reaction time and the textural properties. In the Table 1 it can be observed that 
the only change in the textural features is the BET surface area, increasing between 12 
and 24 h. Considering that the temperature and pressure of the reaction system remain 
constant, changing only the reaction time, it is possible that at times below 12 hours the 
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microspheres are being formed, reaching the maximum growth between 12-24 h. At 
longer periods of reaction the material could suffer sinterization, reducing the BET 
surface area.  
 
3.3. X-ray diffraction 
The crystal phase of synthesized bismuth oxyiodides was unambiguously determined through 
X-ray diffraction on polycrystalline samples.  Figure 6 shows the peaks of the synthesized 
compounds. These phases correspond to the tetragonal system, which is in agreement with 
JCPDS card 01-073-2026 for BiOI.  It should be noted that the first pick, around 7-9°, 
corresponds to the plane (001). The shift can be explained because when the reaction was 
carried out at short reaction time the crystals phases are not well defined. 
No impurity peaks or presence of other phases were observed. The average size of crystallites 
can be estimated using the Scherrer formula (Eq. 1) [25]. 
BB
K
D


cos
    (1) 
Where λ is the wavelength of X-ray radiation (λ = 0,15406 nm, for copper), K is the Scherrer's 
constant (K=0.94),  is the Bragg angle, β is the half width of the peak. The average crystal size 
is given in Table 1 staying quite constant, around 8.1 nm, for reaction times between 6 to 30 h.  
 
3.4. FT- IR Analysis 
The composition of BiOI was confirmed through infrared spectra.  Figure 7 shows the FTIR 
spectra of the materials obtained at different reaction times. Signals around 3600 and 1600 cm
-1
 
correspond to O-H symmetrical stretching and scissoring, respectively, due to adsorbed water. 
Peaks at 512 cm
-1
and 778 cm
-1
are attributed to stretching vibrations of Bi-O. Finally, the signals 
between 500 cm
-1
to 1554 cm
-1
 are associated to the stretching vibration of the tetragonal crystal 
links BiOI [26, 27].  It is also confirmed the absence of residualethylene glycol and ionic liquid. 
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3.5. Optical properties 
The band gap of the material is a decisive attribute that modulates the activity of the 
semiconductor in the visible region of the sunlight [28]. The optical properties of the 
synthesized materials were studied using diffuse reflectance spectroscopy (DRS) in the UV-Vis 
range. Figure 8 depicts the DRS curves of the BiOI obtained at 12 h and 24 h of preparation, 
from which the band gap were determined. The optical borders of the materials were 590 nm 
and 578 nm for BiOI after 12 h and 24 h reaction, respectively. The Eg of the materials were 
calculated by the Tauc representation, using the equation 2, where α represents the absorption 
coefficient, h is the Planck constant,  is the radiation frequency, Eg the band gap, and n is 
related to the indirect transition (n=4for BiOI) [29,30]. 
α (h) = A (h - Eg)n/2    (2) 
The inset of Figure 8 allows the determination of the band gap directly from extrapolation in the 
Tauc plot. The values found are 1.95 and 1.98 for materials prepared at 12 and 24 h in 
autoclave, respectively. Table 2 reports the values of optical borders and band gap obtained for 
all the synthesized BiOI, ranging between 1.95 and 2.05, which are similar to those reported in 
literature [31-33]. 
 
3.6. Photocatalytic activity 
The photocatalytic activity of the synthesized materials was evaluated using caffeic acid as a 
target molecule. This substrate was chosen because is a well known antioxidant present in the 
effluents coming from the winery industry. The reaction was conducted under UV-visible 
radiation and the degradation profiles compared to the catalyst Evonik P25 (former Degussa 
P25). Reactions were carried out in aqueous suspension during 60 min. Figure 9 depicts the 
curves of UV-Vis spectra of caffeic acid (10 ppm) and their evolution during the photocatalytic 
process using the catalyst prepared at 12 hour of autoclave. The most pronounced degradation 
occurs during the first 20 min of irradiation. After 60 min irradiation the changes are less 
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significant. The mineralization, measured as total organic carbon, reaches around 50 % using 
the same catalyst (data not shown). After 1 h the TOC removal remains almost unchanged.    
The TOC course can be explained considering the formation of long term intermediates 
refractory to oxidation. Recently, Augugliaro et al. report the oxidation of phenolic compounds 
containing carboxylic acid group using TiO2 [34]. They found phenolic intermediates, 
dicarboxilic and carboxylic acids. Also in homogeneous system (photo-Fenton reaction) the 
intermediates identified were phenolic compounds and anhydrides formed by condensation 
reactions [35]. All of these compounds are known as difficult to be oxidized.  Figure 10 shows 
the caffeic acid profiles including the blanks.  Photolysis alone does not provoke the 
decomposition of the caffeic acid (less than 10 % in one hour). In this Figure it can be observed 
that the materials synthesized by solvothermal procedure present higher catalytic activity than 
Evonik P25, usually considered as the most active photocatalyst in the UV-Vis region [36-38]. 
Since that titania and BiOI have similar surface area (52 and 54 m
2
 g
-1
, respectively) 
their photocatalytic activities can be compared. It is important to indicate the use of 
wavelengths over 380 nm for titania is not the best condition for comparison, however our goal 
is to find the better synthesis conditions for new materials that can be activated exclusively with 
solar light. The synthesized catalyst provokes degradation extent over 80 % in one hour and the 
commercial reference P25 does not surpass 55 % in the same period of time. Table 3 gives the 
degradation extent after 1 h irradiation and initial constant rates of all the prepared catalysts. It 
can be concluded that all of them reach higher activities than Evonik P25 being higher than 
those prepared in autoclave with reaction times below 24 h. Apparently higher times in the 
autoclave provoke some disaggregation of the structure decreasing the activity. The initial rates 
of caffeic acid oxidation, calculated using the equation (3), are shown in Table 3 [39]. The 
initial rates of the materials obtained between to12 and 24 hours presents the highest activity.  
 
   
                
  
(3) 
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3.7. Recycling of the BiOI microspheres 
Consecutive runs of caffeic acid photocatalysis with the Xe lamp using the same catalyst 
produce the curves presented in Figure 11, where reproducible experiments can be observed. 
After two consecutive runs using the same catalyst carefully washed the catalytic activity of the 
BiOI decay slightly in around 10 %. The decrease of the catalytic activity can be explained by 
the mass loss and disaggregation of the sponge structure. The SEM and EDS images recorded 
after two reaction cycles show that no significant changes occurred in the morphology of the 
microspheres (not shown). In addition, FTIR spectra and XRD of samples used in two 
consecutive runs show no significant changes compared to the unused material. This issue is 
strongly relevant because the potential use of these materials depends on their stability during 
long periods of time. 
 
 
4. Conclusions 
In summary, it was possible to obtain hierarchical BiOI microspheres using the solvothermal 
route with short periods of reaction times. Among the materials synthesized the best results in 
catalytic activity correspond to materials prepared between 12 and 24 h of reaction in autoclave. 
All the materials prepared present higher activity than EVONIK P25 under UV-Vis 
illumination.   
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Table 1. Textural features for different reaction times at 120 ºC 
Time (h) BET(m2/g) Pore diameter (nm) Crystal size(nm) 
2 48 19,0 3,9 
6 47 21,4 8,1 
12 54 19,0 8,1 
24 58 18,6 8,1 
30 44 23,4 8,1 
48 42 24,6 4,0 
TiO2 P-25 52 6,9 - 
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Table 2. Optical features of synthesized BiOI materials at 120 ºC 
Time (h) Optical borders (nm) Eg (eV) 
2 570 2,00 
6 580 2,05 
12 590 1,95 
24 578 1,98 
30 582 2,00 
48 585 2,05 
TiO2 P-25 - 3,20 
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Table 3.Photocatalytic activity of synthesized BiOI at 120 ºC expressed as degradation 
percent after 1 hour illumination with Uv-Vis light and initial rate 
Time (h) Degradation (%) Initial rate (mg L-1min-1) 
2 81,2 0,0260 
6 83,0 0,0264 
12 85,5 0,0273 
24 84,7 0,0268 
30 76,8 0,0241 
48 76,2 0,0211 
TiO2 P-25 53,0 0,0095 
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Figure 1. Experimental setup used during the photocatalytic tests 
 
 
 
 
 
 
 
 
 
 
 
Figure
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FIGURE 2 
 
 
 
 
Figure 2.SEM images of BiOI microspheres synthesized for a) 2h, b) 6h,c) 12h, d) 24h, e) 30h, f) 48h. 
 
 
 
  
  
  
 
 
a) 
f) e) 
d) c) 
b) 
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FIGURE 3 
 
 
 
 
 
 
 
 
 
 
 
 
Figure3. a)  Expanded SEM image of the BiO microspheres of synthesized for 24 h. b) EDS of BiOI microspheres 
synthesized for 24 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) b) 
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FIGURE 4 
 
 
 
Figure 4.TEM images of BiOI microspheres synthesized for a) 2h b) 6h c) 12h d) 24h e) 30h f) 48h.  
 
 
 
 
  
  
  
 
a) b) 
c) d) 
e) 
f) 
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FIGURE 5 
 
 
 
Figure 5.Nitrogen adsorption-desorption isotherms and corresponding pore size distributions curve (insets) 
of BiOI microspheres synthesized for a) 12 h b) 24 h. 
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FIGURE 6 
 
 
 
 
Figure 6. XRD pattern of the BiOI microspheres synthesized for a) 2h b) 6hc) 12h d) 24h e) 30h f) 48h. On the bottom, for 
comparison, pattern of the JCPDS file for BiOI 
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FIGURE 7 
 
 
 
 
 
 
 
Figure7. IR Spectra a) Ethylene glycol, b) ionic liquid [bmim], c) BiOI Microspheres synthesized for 12 h with 
[bmim]. 
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FIGURE 8 
 
 
 
 
Figure8. UV-vis diffuse reflectance spectra (DRS) for reactions of a) 12 h and b) 24 h. Inset: Tauc plot 
(αh)1/2vsh. 
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FIGURE 9 
 
 
 
Figure9. UV-vis spectra during the degradation of caffeic acid in presence of BiOI microspheres synthesized for 12 h. 
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FIGURE 10 
 
 
 
 
 
 
Figure10. Degradation profiles of caffeic acid in the presence of BiOI synthesized for 12 h, Evonik TiO2 
P25 and direct photolysis. 
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FIGURE 11 
 
 
  
 
 
 
Figure 11. Recycling of microspheres synthesized for 12 h. 
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HIGHLIGHTS 
 The effect of the reaction time on the morphology of BiOI microspheres was studied 
 The structural characterization of the catalyst was carried out 
 The activity of materials was evaluated on caffeic acid and compared to titania Evonik 
P25 under simulated solar light 
 BiOI presents higher activity that titania P25 
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